. Furthermore, IFN-γ inhibits Th2 immune responses, whereas IL-4 inhibits Th1 immune responses (3) (4) (5) .
Natural killer (NK) cells are the third largest lymphocyte population, major IFN-γ producers, and cytolytic effector cells that play major roles for clearance of tumors and virus-infected cells. In immune responses, NK cells are activated by Th1-type cytokines such as IL-2, -12, or -18 (6) . Therefore, NK cells are assumed to contribute to Th1 immune responses (7, 8) . Conversely, NK cells express IL-4Rα, and key effector functions of NK cells are regulated by IL-4. Previous studies reported that IFN-γ production from murine NK cells cultured in the presence of IL-4 was not detected (9) . IL-4 exposure also suppressed the cytotoxic capacity of NK cells in both in vitro and in vivo models (10, 11) . However, in contrast to those findings, IL-4 was suggested to induce IFN-γ production by NK cells. Administration of the IL-4 and anti-IL-4 mAb complex (IL-4C), a long-acting formulation of IL-4 in vivo, induced IFN-γ production by NK cells (12) . Interestingly, IL-13, which shares many IL-4 effects, failed to stimulate IFN-γ production and suppressed basal IFN-γ production (12) . In addition, Kitajima et al. showed that memory type 2 helper T cells enhanced NK cell cytotoxic activity in an IL-4-dependent manner in vivo (13) . Thus, there are many apparently contradictory reports on the effect of IL-4 on NK cells, and the role of IL-4 for NK cells remains unclear.
In this study, we investigated the role of IL-4 for murine NK cells in vivo by expressing IL-4 in the liver by the hydrodynamic tail vein injection method (14) (15) (16) and show that IL-4 overexpression induces distinctive characteristics of NK cells in vivo.
Compared with mature conventional NK (cNK) cells, those IL-4-induced NK (IL4-NK) cells show differences in the sensitivity to IL-12 and -21 and the capacity of cytokine production. Moreover, IL4-NK cells exhibit a higher cytotoxic capacity against tumor cells compared with cNK cells. Importantly, IL-4 induces these phenotypic changes of NK cells directly and also indirectly. Finally, we show that IL4-NK-like cells are also induced in physiological condition, such as parasitic infection. Thus, these findings uncover the novel role of IL-4 for NK cells in vivo.
Results
Overexpression of IL-4 Induces Distinctive Characteristics of NK Cells.
To examine the role of IL-4 on NK cells in vivo, we used the hydrodynamic tail vein injection method to express IL-4 in the liver. At 5 d after the injection with control vector or pLIVE-IL-4 vector, we confirmed the expression of IL-4 mRNA in hepatocytes and an increase of IL-4 protein in the serum by injection of pLIVE-IL-4 vector (Fig. S1A) . We then analyzed the cell surface markers on hematopoietic cells in the liver by flow cytometry and found that CD45
− cells were significantly increased in the liver from the mice overexpressing IL-4 compared with control mice (Fig. 1A) . These IL-4-induced cells expressed NK-cell markers such as NK1.1, CD49b, NKp46, and NKG2D. Interestingly, however, they did not express CD3e (T-cell and NK T-cell marker), CD19 (B-cell marker), TNF-related apoptosis inducing ligand (TRAIL) (ILC1 marker), and IL-7Rα (ILC1 marker) (Fig. 1B) . Therefore, we concluded that these IL-4-induced cells are NK cells and referred to them as IL4-NK cells. In addition, we examined various cell surface molecules and found that IL4-NK Significance Natural killer (NK) cells are well known to serve as effecter cells in Th1-type immune responses, whereas their roles in Th2-type immune responses are largely unknown. In this study, we describe a previously unidentified pathway wherein IL-4, an initiator cytokine of Th2-type immune responses, induces development of highly activated murine NK cells in vivo. We show that IL-4 overexpression remarkably increases tissue-resident macrophages, which contributes to NK-cell proliferation via production of IL-15. The NK cells induced by IL-4 secrete a large amount of IFN-γ in response to IL-12, an initiator cytokine of Th1-type immune responses, and also exhibit high cytotoxicity against tumor cells. These results reveal the novel role of IL-4 in immune responses through the induction of unique NK cells.
cells showed an expression pattern distinct from mature cNK cells (CD45 Fig. 1 A and B and Table S1 ). Particularly, the expression levels of B220, CD11b, IL-4Rα, IL-18Rα, and IL-21Rα were significantly different between cNK cells and IL4-NK cells (Fig. 1B and Table S1 ). Moreover, we also found that IL4-NK cells showed an expression pattern distinct from immature CD11b Fig.  S1 B and C) . In particular, the expression levels of B220, TRAIL, IL-7Rα, and IL-21Rα on IL4-NK cells were different from those on immature CD11b
− NK cells ( Fig. S1 B and C) . The morphology of IL4-NK cells was quite different from that of cNK cells and immature CD11b − NK cells: IL4-NK cells showed a larger size, lower nuclear/cytoplasm ratio, and increased granules (Fig. 1C and Fig.  S1D ). Although some immature NK cells exhibited a high expression level of B220 and a low expression level of IL-18Rα, their morphology was quite different from that of IL4-NK cells (Fig. S1D) . IL4-NK cells were also found in other tissues, including spleen, mesenteric lymph nodes (MLNs), bone marrow, and peripheral blood (Fig. 1D) . Because IL4-NK cells were increased significantly in the mice overexpressing IL-4, we investigated the proliferation potential of IL4-NK cells and found that IL4-NK cells markedly incorporated 5-ethynyl-2′-deoxyuridine (EdU) compared with cNK cells or immature CD11b
− NK cells in both the liver and the spleen (Fig. 1E and Fig. S1E ). These results suggest that IL-4 overexpression induces distinctive characteristics of NK cells in vivo.
IL-4 Overexpression Converts cNK Cells to IL4-NK Cells in Vivo. To investigate the possibility that cNK cells are converted to IL4-NK cells in the mice overexpressing IL-4, we performed an in vivo transplantation assay. We first injected control vector or pLIVE-IL-4 vector intravenously into nonirradiated CD45.1 congenic mice ( Fig.  2A) . We then isolated cNK cells (CD49b
from the spleens of CD45.2 C57BL/6 mice and adoptively transferred into those CD45.1 mice at 24 h after the injection of vectors ( Fig. 2A and Fig. S2A ). At 3 d after transplantation, the transferred CD45.2 + NK cells were sorted from the recipient liver and the spleen, and their cell surface markers were examined (Fig. 2 B and C and Fig. S2B ). The CD45.2 + NK cells from the mice overexpressing IL-4 displayed higher expression levels of B220 and IL-21Rα than those from the mice injected with control vector (Fig. 2 B and C) . Moreover, the former also displayed lower expression levels of CD11b and IL-18Rα than the latter (Fig. 2 B and C) . We also examined the contribution of immature CD11b
− NK cells to IL-4 NK cells. We isolated cNK (CD11b + NK) and CD11b − NK cells from the spleens of CD45.2 C57BL/6 mice and labeled cNK cells with carboxyfluorescein diacetate succinimidyl ester (CFSE) (Fig. S2C) . We then adoptively transferred both CFSE-labeled cNK cells and nonlabeled CD11b
− NK cells into CD45.1 mice at 24 h after the injection of pLIVE-IL-4 vector (Fig. S2C) . We examined surface markers on donor cells at 1 or 3 d after the transplantation by flow cytometry (Fig. S2D) . Both cNK cells and immature CD11b
− NK cells were converted to IL4-NK cells gradually. The percentages of donor cells derived from immature CD11b
− NK cells at day 1 were lower than those from cNK cells, whereas the former were higher than the latter at day 3 (Fig. S2E) . Next, we investigated whether NK cells required the direct IL-4 signal for the conversion and found that NK cells isolated from IL-4Rα KO mice were not converted to IL-4 NK cells in the recipient mice overexpressing IL-4 ( Fig. S3 A  and B) . Interestingly, the change of fluorescence intensity of CFSE revealed that proliferation of NK cells derived from IL-4Rα KO mice was lower compared with NK cells derived from WT mice. Because the IL-4Rα KO mouse was nonresponsive to both IL-4 and -13, we also investigated the role of IL-13 for NK cells and found that overexpression of IL-13 did not induce IL4-NK cells (Fig. S4) (19) (20) (21) . Therefore, we examined macrophages in the liver and found that macrophages were remarkably increased in the mice overexpressing IL-4 compared with control mice by immunohistochemical staining (Fig. 3A) . Additionally, we observed that granzyme B-positive cells were in close contact with liver macrophages, and most of the granzyme B-positive cells were identified as NK cells by flow cytometry (Fig. 3A and Fig.  S5B ). These results suggested that macrophages transpresented IL-15 to NK cells. To evaluate the role of macrophages, we depleted macrophages by administration of clodronate liposomes and then, at 24 h later, we overexpressed IL-4 by using the hydrodynamic tail vein injection method. In these experiments, we found that a high dose of IL-4 induced the severe phenotype in the mice when macrophages were depleted. Thus, to avoid the severe phenotype, we injected 1 μg of pLIVE-IL-4 rather than 5 μg. At 3 d after the injection, we analyzed NK cells in the liver and the spleen by flow cytometry (Fig. 3B) . Depletion of macrophages suppressed the induction of IL4-NK cells in both the liver and the spleen by overexpressing IL-4, but did not affect the NK cells in the steady state ( Fig. 3B and Fig. S5 C and D) . We also tested whether administration of clodronate liposomes induced the liver inflammation (Fig. S5E) . Although the level of alanine aminotransferase, a specific indicator of liver inflammation, in serum derived from mice injected with clodronate liposomes was slightly higher than that with control liposomes, it remained at a low level. Next, we investigated whether IL4-NK cells require IL-15 produced by liver macrophages for their survival. We performed coculture of cNK cells derived from WT mice with liver macrophages derived from the mice overexpressing IL-4. In this coculture, the addition of IL-15-blocking antibodies (Abs), anti-IL-15/IL-15Rα Abs, inhibited the survival of NK cells (Fig.  3C) . These results indicate that overexpression of IL-4 induces proliferation of macrophages, which contributes to NK cell proliferation via IL-15.
Different Phenotypes Between cNK and IL4-NK Cells. NK-cell subsets with a distinct expression pattern of surface markers display differences in cytokine production and cytotoxicity (16, (22) (23) (24) . Because cNK cells and IL4-NK cells showed distinct expression patterns of surface markers (Fig. 1B) , we next examined cytokine production and cytotoxicity of these NK cells. IFN-γ is a major cytokine secreted by NK cells, and IL4-NK cells were found to secrete a higher level of IFN-γ than cNK cells when stimulated with IL-12, -21, and anti-NK1.1 Abs (Fig. 4A) . Because previous studies reported that NK cells also produce IL-10 and GM-CSF (25-27), we examined the production of IL-10 and GM-CSF and found that IL4-NK cells secreted both IL-10 and GM-CSF at much higher levels than cNK cells (Fig. 4 B and C) . These data suggest that each NK cell shows different sensitivity to IL-12 and -21 and that the capacity of cytokine production is different. In addition to cytokine production, cytotoxicity is another major function of NK cells in the immune system (28) . To evaluate the cytotoxic capability of each NK cell, we first investigated the production of granzyme B, which is a cytotoxic granule released from NK cells and kills target cells. Production of granzyme B by IL4-NK cells was much higher than that by cNK cells or immature CD11b − NK cells (Fig. 4D and Fig. S6 ). Moreover, IL4-NK cells exhibited a higher cytotoxic capacity against YAC-1 cells compared with cNK cells (Fig. 4D) . Collectively, these results Fig. 5C ). Conversely, production of GM-CSF and granzyme B by NK cells cultured with IL-15 and -4 was much higher than that by NK cells cultured with IL-15 ( Fig. 5 D and E) . Interestingly, phenotypic changes induced by IL-4 were not caused by IL-13 (Fig. S7) . Collectively, these data suggest that the phenotype of NK cells cultured with IL-15 and -4 is similar to that of IL4-NK cells and that induction of IL4-NK cells requires both IL-4 and -15.
IL4-NK-Like Cells Are Induced by Parasitic Infection. We further investigated whether IL4-NK cells are induced in physiological conditions. IL-4 production is known to be induced by parasitic infection and plays important roles in elimination of parasites. Therefore, we examined NK cells in mice infected with Nippostrongylus brasiliensis (Nb). We first analyzed cell surface markers on NK cells and found that B220 high IL-18Rα low NK cells, similar to IL4-NK cells, were increased in the MLN 10 d after the infection (Fig. 6 A and B) . Moreover, these IL4-NK-like cells were not induced by parasite infection in IL-4Rα −/− mice ( Fig. 6 A and  B) . IL4-NK-like cells also expressed a lower level of CD11b and higher levels of IL-4Rα and -21Rα than cNK-like cells (CD45 + NKp46 + B220 low CD3e − CD19 − ) (Fig. 6C) . These results suggest that IL4-NK-like cells are also induced in an IL-4-dependent physiological condition. Previous studies reported that IL-4-expressing cells were increased in the lung from day 5 after the infection of Nb and, consequently, Th2 immune responses were induced (29, 30) . Therefore, we next analyzed NK cells in the lung and found that IL4-NK-like cells were also increased at days 9 after infection with Nb, whereas the number of total NK cells was not significantly changed (Fig. 6D) . To investigate the role of NK cells in the Nb-infected lung, we depleted NK cells by administration of anti-asialo GM1 Abs (Fig.  S8A) . We then found that the expression levels of Eotaxin-1/ CCL11 and KC/CXCL1 in the lung were significantly increased when NK cells were depleted (Fig. 6E) . Eotaxin-1/CCL11 promotes chemotaxis of eosinophils, which produce IL-4 and contribute to the induction of Th2 immune responses. Conversely, KC/CXCL1 promotes chemotaxis of neutrophils, which produce IL-13 and contribute to the induction of Th2 immune responses in the Nb infection model (31) . The expression levels of Eotaxin-1/CCL11 and KC/CXCL1 in the lung were not significantly changed in steady state by depletion of NK cells (Fig. S8B) . Therefore, these results suggest that NK cells in the lung infected with Nb might keep the balance of Th1/Th2 immune responses.
Discussion
In the present study, we showed that distinctive characteristics of cells. CD11b is a well-known maturation marker on NK cells and is highly expressed on mature NK cells (22, 32) . Thus, it might be assumed that IL4-NK cells are immature NK cells. However, IL4-NK cells highly express CD49b, which is expressed on mature NK cells, and do not express TRAIL and IL-7Rα, which are expressed on immature NK cells (16, 33, 34 − NK cells may equally contribute to the development of IL4-NK cells. Of note, the present study demonstrates that these unique NK cells are induced and increased in vivo by IL-4. Because cNK cells are neither increased nor converted to IL4-NK cells when cultured with IL-4 alone, additional signals are necessary for the development of IL4-NK cells. In this study, we found that liver macrophages were remarkably increased in the mice overexpressing IL-4 and that these IL-4-stimulated macrophages contributed to NK-cell proliferation via IL-15. The present study links NK-cell proliferation and IL-4-stimulated macrophages.
The capacity of cytokine production and cytotoxicity is also different between cNK and IL4-NK cells. Interestingly, IL4-NK cells secrete a much higher level of IFN-γ than cNK cells when stimulated with IL-12, an initiator of Th1 responses (35) . IL4-NK cells also secrete IL-10, which inhibits not only Th1 immune response, but also Th2 immune response (36, 37) . Collectively, these results suggest that IL4-NK cells might be a balancer or regulatory cells of Th1/Th2 immune responses. Notably, GM-CSF is secreted from IL4-NK cells without stimuli such as IL-12, -21, and the signal from activating receptors.
The phenotype of cNK cells is changed to that of IL4-NK cells in culture with IL-4 and -15. Down-regulation of IL-18Rα is a direct effect of IL-4 on cNK cells, whereas changes of other surface markers may be caused by IL-15. However, the induction of IL4-NK cells in vivo is highly dependent on the IL-4 signal. The change in fluorescence intensity of CFSE revealed that proliferation of CFSE-labeled NK cells isolated from IL-4Rα KO mice was lower than that of NK cells isolated from WT mice. These results suggest that the IL-4 signal in NK cells might affect the IL-15 signal in NK cells by unknown mechanisms. Also IL-4 directly induces the asecretion of GM-CSF from NK cells. Collectively, it is suggested that conversion of cNK to IL4-NK cells requires both direct and indirect effect of IL-4. As described, GM-CSF plus IL-4 promotes differentiation of DC to enhance the production of the bioactive IL-12 heterodimer, an activator of NK cells (38) . IL4-NK cells might interact with DCs via GM-CSF. However, further studies are necessary to uncover the interaction between NK cells and DCs.
Finally, to confirm the induction of IL4-NK-like cells in physiological conditions, we used a typical model of Th2 response, Nb infection, and found that IL4-NK-like cells were induced. Moreover, these IL4-NK-like cells were not induced in IL-4Rα −/− mice. Because IL4-NK cells were not induced by IL-13, the induction of IL4-NK-like cells is IL-4-dependent. It is known that IL-4-expressing cells are increased in the lung from day 5 after the infection of Nb, which results in the induction of Th2 immune responses (29, 30) . In the Nb infection model, the roles of NK cells remain largely unknown. Therefore, we investigated the effect of depletion of NK cells on gene expressions in the lung where Th2 immune responses were induced by Nb and found a significant increase of the expression of Eotaxin-1/CCL11 and KC/CXCL1 in the lung by depletion of NK cells, suggesting that NK cells might regulate migration of eosinophils and neutrophils. Eosinophils are well known to contribute to the induction of Th2 immune responses, and neutrophils also contribute to the induction of Th2 immune responses in the Nb infection model (31) . Considering these results and the strong capacity of IL4-NK cells to produce cytokines, the roles of IL4-NK-like cells in the Nb infection model might keep the balance of Th1/Th2 immune responses. However, because administration of anti-asialo GM1 Abs depletes total NK cells, selective depletion of IL4-NK-like cells is necessary to address the roles of IL4-NK-like cells in the Nb infection model.
In the present study, we described a novel function of IL-4 in mice. IL-4 overexpression induces distinctive characteristics of NK cells, indicating the importance of the effect of IL-4 on NK cells in vivo. We further revealed that IL-4 affects NK cells directly and also indirectly through macrophages. Although the effect of IL-4 on NK cells is controversial among previous reports, it might be explained by whether the indirect effect is considered in each study. Because IL-4 has multiple functions on various hematopoietic cells, the indirect effect should be considered more carefully. Collectively, this study suggests a novel role of IL-4 in immune responses through the induction of these unique NK cells.
Materials and Methods
WT C57BL/6J and BALB/c mice were purchased from CLEA Japan, Inc. CD45.1 congenic C57BL/6 mice (RBRC 00144) were provided by RIKEN BioResource Center through the National Bio-Resource Project of the Ministry of Education, Culture, Sports, Science and Technology, Japan. IL-4Rα −/− mice (39) were provided by Frank Brombacher, University of Cape Town, Cape Town, South Africa, and Masato Kubo, Tokyo University of Science/RIKEN Center for Integrative Medical Sciences, Tokyo. All mice were maintained under standard specific pathogen-free conditions and were used between 6 and 12 wk of age. The animal studies were performed according to the guidelines set by the Institutional Animal Care and Use Committee of the University of Tokyo. Materials and methods are described in greater detail in SI Materials and Methods.
